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Abstract

Compounds having two bithiophene units linked by an organosilicon bridge were prepared. Their UV spectra and cyclic
voltammograms indicated that the compounds have the low-lying LUMO. The electron transporting properties of the present
silicon-bridged bithiophene derivatives were evaluated by the performance of electroluminescent (EL) devices having vapor
deposited silicon-bridged bithiophenes, Alq, and TPD layers, as the electron-transport, emitter and hole-transport, respectively. By
applying the bias voltage on the devices, the devices emitted green EL originated from the Alq emission with the maximum
luminance of 8500 cd m—2. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

There has been current interest in the chemistry of
silole (silacyclopentadiene) ring systems [1]. The high
electron affinity of silole derivatives arising from the
low-lying LUMO energy level provides the chance to
use them as the functionality materials, such as organic
semiconductors [2] and electron transport in the electro-
luminescent (EL) devices [3]. Recently, it has been also
reported that the vapor deposited films of silole deriva-
tives and spin-coated films of polymers having 1,1-
silole-diyl units may be used for the single layer EL
device system [4].

In our effort to develop novel silole-containing com-
pounds [5], we have synthesized dithienosiloles and
disilacyclohexadienes, in which a bithiophene system is
intramolecularly bridged by an organomono- or disi-
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lanylene unit at the B,p’-positions (compounds 3a and
4a in Chart 1) [6]. Interestingly, introduction of the
Si-bridge significantly affects the electronic states of the
bithiophene derivatives and lowers the LUMO energy
level, as being applicable to the electron transport in
electroluminescent (EL) devices. In fact, the devices
with the structure of ITO (indium tin oxide)/TPD (40
nm)/Alq (50 nm)/Si-bridged bithiophene (10-20 nm)/
Mg-Ag, where TPD (N,N’-diphenyl-N,N'-di(m-tolyl)-
biphenyl-4,4'-diamine), = Alq (tris(8-quinolinolato)-
aluminum(III)), and Si-bridged bithiophene are the
hole-transport, emitter and electron-transport, respec-
tively, emit strong EL. Of these, the maximum
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Scheme 1.

Table 1
Properties of dithienosilole and dithienodisilacyclohexadiene deriva-
tives

Compound Absorption * (A, NM) CV?® Epa® (V)
la 360 1.24

1b 355 1.18

1c 352 1.05

2a 348, 376 (sh) 1.10

2b 380 1.16

3a 350-358 1.08-1.25

4a 350-353 1.05-1.15

2In THF.

®In acetonitrile containing LiClO, as the supporting electrolyte
using glassy carbon as the working electrode.
¢ Anodic peak potential vs SCE.

luminance of 8000 cd m ~2 was achieved by the device
having a 4,4-di(p-tolyl)-2,6-bis(trimethylsilyl)dithieno-
silole (3a, R = p-Tol) layer as the electron transport [7].
On the basis of the comparison of performance of the
EL devices, we concluded that the electron-transporting
properties of 3a (R = p-Tol) are comparable or a little
superior to those of Alg, which is known as a typical
electron-transporting-emitting material.

To obtain Si-bridged bithiophenes with higher elec-
tron transporting properties, we synthesized novel
bithiophene derivatives, in which two bithiophene sys-
tems are linked by an organosilanylene bridge, and
investigated their properties with respect to the UV

spectra and cyclic voltammograms (CVs). EL device
performance using the present bithiophene derivatives
as the electron-transport, was also studied.

2. Results and discussion
2.1. Synthesis of Si-bridged bithiophenes

The reactions of 3,3'-dilithio-5,5'-bis(trimethylsilyl)-
2,2'-bithiophene with bis(dichlorosilyl)-compounds gave
the corresponding bridged dithienosiloles (la—c) in
moderate yields as shown in Scheme 1. Similar reac-
tions of tetrachlorodisilanes produced compounds with
fused dithienodisilacyclohexadiene units (2a, b). In
these reactions, no dithienosilole derivatives were ob-
tained. The rather low yields of 2a, b may be due to
both the formations of unidentified byproducts in low
yield and the decomposition of 2a, b during work up.
In fact, small amounts of protodetrimethylsilylation
products were found to be formed by GC—-MS analysis,
when compounds 2a, b were subjected to silica gel
column chromatography.

Compounds la—c and 2a, b were obtained as the
solids. M.p. of bridged dithienosiloles 1a—c are around
130-150 °C, while disilacyclohexadiene derivatives 2a,
b melt at much higher temperature of ca. 270 °C. The
structures of the la—c and 2a, b were verified by
spectroscopic and elemental analysis. Furthermore, the
crystal structure of 2b was tentatively solved by an
X-ray diffraction study [8]. The crystal quality was not
good enough, and moreover, the thermal displacements
of the atoms are too large, in particular for the sec-bu-
tyl groups attached to the silicon atoms, to discuss the
detailed crystal structure of 2b. However, it was un-
doubtedly indicated that the fused disilacyclohexadiene
system must have the trans geometry with respect to the
central Si-Si bond.

2.2. UV spectra and CVs of la—c and 2a, b

Table 1 summarizes the UV absorption maxima and
oxidation peak potentials in the CVs of compounds
la—c and 2a, b, together with those of simpler
dithienosilole and disilacyclohexadiene derivatives, re-
ported previously (3a and 4a in Chart 1) [6b]. Com-
pounds la—c and 2a, b underwent irreversible anodic
oxidation in their CV experiments and we could not
observe the cathodic counter peaks, as in the case of 3a
and 4a. As can be seen in Table 1, the UV and CV data
of la—c closely resemble those of 3a, indicating that
bridging the dithienosilole units by the organic linkage
affects little the electronic states of dithienosiloles and
the two dithienosilole units are electronically rather
isolated. The slight decrease in oxidation potential in
the order of 1a > 1b > 1¢c may be due to the introduc-



J. Ohshita et al. / Journal of Organometallic Chemistry 642 (2002) 137142 139
1.75 eV
~~~~~~~ 1.40 eV 1.65eV
9.63 eV
9.33ev 9.69 eV
788V T
798 eV -8.04 6V
s. S 0 e s
H H W H-S S<_H
Yayw \ |
Si HowSi-Si—=H /N
7N H—Si-Si—H
H H N7 ! ' llJ
3b H™ >s s~ H
2¢ 4b

Fig. 1. Relative HOMO and LUMO energy levels for model compounds, derived from MO calculations at RHF/6-31G level.

tion of electron-donating alkyl groups on the silole
silicon atom. The absorption maxima of 2a, b appear at
longer wave length than those of 4a. Since the anodic
peaks of 2a, b are at almost the same energy as those of
4a, the red shifts of absorption maxima of 2a, b from
4a seem to be due to the lower-lying LUMO of 2a, b
mainly. This is in good agreement with the results of
the ab initio molecular orbital (MO) calculations on
simplified model compounds (Fig. 1). The MO calcula-
tions at RHF/6-31G level [9] predicted that the
HOMO-LUMO energy gap is smaller for 2¢ than for
4b by 0.36 eV. The difference in HOMO energy levels
of 2¢ and 4b was calculated to be 0.11 eV, while that of
LUMOs was predicted to be much larger (0.25 eV),
being primarily responsible for the smaller HOMO-
LUMO energy gap.

2.3. EL performance of the devices having Si-bridged
bithiophenes as the electron-transport

To evaluate electron-transporting properties of the
present Si-bridged bithiophenes, we fabricated triple-
layer EL devices having a vapor-deposited layer of 1b
or 2b as the electron-transport. The structure of the
devices and the thickness of the layers were ITO/TPD
(40 nm)/Alq (50 nm)/1b or 2b (10-20 nm)/Mg-Ag
(device 1 for 1b and device 2 for 2b). In these devices,
TPD, 1b or 2b, and Alq layers were used as the hole-
and electron-transport and emitter, respectively. ITO
and Mg—-Ag were the anode and cathode. Fig. 2 depicts
the current density—voltage (/- V') characteristics of the
devices 1 and 2, indicating that device 3 exhibited better
I-V characteristics than device 1. Fig. 2 represents the

luminance—voltage (L— V) characteristics of the devices.
In the low-voltage region up to 16 V, device 2 emitted
higher luminance than device 1, in accordance with the
I-V characteristics. However, at higher voltage, the
luminance of device 2 dropped probably due to the
decomposition of the 2b layer by melting or crystalliza-
tion, while that of the device 1 increased up to 17 V to
reach the maximum value of 8500 c¢d m 2 (Fig. 3).
The threshold voltages of 100 mA ¢m =2 and 1000 cd
m~2, and the maximum current densities and lumi-
nance of devices 1 and 2 are summarized in Table 2, in
comparison with those of the device of the same struc-
ture having simpler dithienosilole 3a (R = p-Tol) or 4a
(R, =Ph, Me), as the electron-transport, and also the
data of the reference device of ITO/TPD (40 nm)/Alq
(50 nm)/Mg-Ag having an Alq layer as the electron-
transporting emitter [6b,7]. The electron-transporting
properties of the vapor-deposited films estimated by the
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Fig. 2. Plots of operating voltage vs current density of (e) device 1
and (O) device 2.
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Fig. 3. Plots of operating voltage vs luminescence of (e) device 1 and
(O) device 2.

I-V and L-V characteristics of the devices shown in
Table 2, were improved in the order of 3a (R=p-
Tol) > Alq > 4a (R, = Ph, Me) > 2b > 1b, although the
maximum luminance of the device 2 was a little higher
than those of the devices with 3a (R =p-Tol) and 4a
(R, = Ph, Me).

In conclusion, we have prepared novel Si-bridged
bithiophene derivatives and found that they have low-
lying LUMO and may be used as the electron-transport
for EL devices. However, the electron-transporting
properties of the vapor deposited films of 1b and 2b
estimated on the basis of the EL device performance
were inferior to those of 3a (R =p-Tol), 4a (R, = Ph,
Me), and Alq. This is in contrast to that the LUMOs of
1b and 2b were predicted to lie at similar and lower
energies, respectively, as compared with those of 3a and
4a, by the UV and CV data as well as by the MO
calculations on the model compounds. However, fac-
tors other than just the LUMO energy levels of the
Si-bridged bithiophenes, including packing structures in
the vapor deposited layer, seem to be also important
for the electron-transport in the solid state.

Table 2

3. Experimental
3.1. General

All reactions were carried out under an inert atmo-
sphere. NMR spectra were recorded on JEOL Model
JNM-EX 270 and JEOL Model JNM-LA 400 spec-
trometers. Mass spectra were measured with a Hitachi
MS80B spectrometer. UV spectra were measured on a
Hitachi U-3210 spectrophotometer.

3.2. Materials

THF and ether were dried over Na—K alloy and
distilled just before use. Acetonitrile was distilled from
P,O; and stored in dark under an argon atmosphere at
4 °C before use.

3.3. Preparation of la—c and 2a, b

To a solution of 3,3'-dilithio-5,5-bis(trimethylsilyl)-
2,2'-bithiophene, prepared from 3.74 g (8.00 mmol) of
3,3'-dibromo-5,5'-bis(trimethylsilyl)-2,2’-bithiophene
and 10.0 ml (16.0 mmol) of a 1.6 M solution of
n-butyllithium—hexane in 20 ml of ether, was added
1.71 g (4.00 mmol) of p-bis(dichlorophenylsilyl)benzene
at — 80 °C. The mixture was warmed to room temper-
ature (r.t.) and 30 ml of THF was added to the mixture,
then the mixture was heated to reflex for 20 h. After
hydrolysis of the mixture, the organic products were
separated, and the aq. layer was extracted with hexane.
The organic layer and the extracts were combined and
dried over anhydrous MgSO,. After evaporation of the
solvents, the residue was chromatographed on a silica
gel column with hexane as eluent to give crude solids.
The crude solids were recrystallized from EtOH to give
1.2 g (31% yield) of 1a as the colorless crystals: m.p.
135-137 °C; MS m/z 902 [M*]; 'H-NMR (6 in
CDCl;) 0.44 (s, 36H, Me,Si), 7.40 (s, 4H, thiophene),

Performance of EL devices® having a Si-bridged bithiophene layer as the electron-transport and the reference device ®

Si-bridged Threshold voltage© of 100 mA  Threshold voltage ¢ of 1000 cd Maximal current density © Maximal luminance ©
bithiophene cm™2 (V) m~2 (V) (mA cm~?) (cd m~2)
1b 15.0 13.0 350 (18.0) 6300 (16.0)
2b 13.3 12.5 400 (15.0) 8500 (17.0)
3a (R=p-Tol) 112 11.0 600 (13.5) 8000 (13.0)
4a (R, =Ph, 12.5 12.4 500 (15.0) 6000 (14.5)
Me)
Reference 12.1 11.5 550 (14.5) 10 000 (14.0)
device

2ITO/TPD (40 nm)/Alq (50 nm)/Si-bridged bithiophene (10-20 nm)/Mg-Ag.

®ITO/TPD (40 nm)/Alq (50 nm)/Mg-Ag.
2

¢ Applied voltage resulting in the current density of 100 mA cm™>.

4 Applied voltage resulting in the luminance of 1000 cd m~'.

¢ Numbers in parentheses indicate the applied voltage (V) resulting in the maximum current density and luminance.
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7.42-7.51 (m, 6H, Ph), 7.76 (d, 4H, J=1.7 Hz, 0-Ph)
7.78 (s, 4H, phenylene); *C-NMR (6 in CDCl;) 0.1
(Me,Si), 128.1, 130.3, 131.8, 134.6, 134.9, 135.4 (Ph),
136.4 (C3, C5), 141.4 (C2, C6), 142.3 (C7a, b), 155.6
(C3a, Cda); ?Si-NMR (5 in CDCl;) — 6.7 (SiMe,),
—22.1 (silole Si). Anal. Calc. for C,,Hs,S,Si4: C, 61.14;
H, 6.02. Found: C, 60.84; H, 6.04%.

Compounds 1b, ¢ and 2a, b were prepared in a
similar fashion to above. Data for 1b (after recrystal-
lization from ethanol): 47% yield; m.p. 144-145 °C;
MS m/z 862 [M*]; 'TH-NMR (4 in CDCl;) 0.37 (s, 36H,
Me,Si), 0.87-0.90 (br t, 6H, J=7.21 Hz, n-Bu), 1.19-
1.23 (m, 4H, n-Bu), 1.33-1.43 (m, 4H, n-Bu), 1.46-
1.52 (m, 4H, n-Bu), 7.22 (s, 4H, thiophene), 7.62 (s, 4H,
phenylene); *C-NMR (J in CDCl;) 0.1 (Me;Si), 11.9,
13.6, 26.3 (n-Bu, One carbon signal is overlapping)
135.3, 135.3 (phenylene), 136.5 (C3, C5), 141.7 (C2,
C6), 142.3 (C7a, b), 155.1 (C3a, C4a); *°Si-NMR (J in
CDCl;) —6.9 (SiMe;), — 15.0 (silole Si). Anal. Calc.
for C,,H,S,Si4: C, 58.40; H, 7.24. Found: C, 58.61; H,
7.50%. Data for 1c (after recrystallization from EtOH):
65% yield; m.p. 128—129 °C; MS m/z 874 [M*]; 'H-
NMR (¢ in CDCl;) —0.18 (s, 18H, Me;SiCH,), 0.07 (s,
4H, ethylene), 0.31 (s, 36H, Me,Si-thiophene), 0.84 (s,
4H, CH,SiMe,), 7.10 (s, 4H, thiophene); 3*C-NMR (J
in CDCl;) — 1.7 (ethylene) 0.1 (Me,Si—thiophene), 0.7
(CH,SiMe,), 7.5 (MesSiCH,), 136.8 (C3, C5), 141.0
(C2, C6), 144.4 (C7a, b), 154.3 (C3a, Cda); *Si-NMR
(6 in CDCl,) 1.0 (Me;SiCH,), — 7.1 (Me;Si-thiophene),
— 7.7 (silole Si). Anal. Calc. for C;3HS,Sis: C, 52.11;
H, 7.60. Found: C, 51.86; H, 7.55%. Data for 2a (after
recrystallization from hexane): 5% yield; m.p. 269—
270 °C; MS m/z 702 [M™*]; '"H-NMR (6 in CDCl;) 0.32
(s, 36H, Me,Si), 0.68 (s, 6H, Me), 7.28 (s, 4H, thio-
phene); "*C-NMR (§ in CDCl;)) —42 (Me) 0.0
(Me,Si), 131.5, 139.5, 139.9, 151.3 (thiophene); *Si-
NMR (0 in CDCl;) —6.7 (SiMe;), —49.8 (Si-Si).
Anal. Calc. for C;yH,6S,Sie: C, 51.22; H, 6.59. Found:
C, 51.00; H, 6.70%. Data for 2b (after recrystallization
from hexane): 10% yield; m.p. 267-269 °C; MS m/z
786 [M*]; 'H-NMR (6 in CDCI;) 0.38 (s, 36H, Me,Si),
0.35-1.22 (m, 18H, sec-Bu), 7.44 (s, 4H, thiophene);
I3C-NMR (¥ in CDCI;) 0.0 (Me,Si), 13.0, 13.4, 23.3
25.0 (sec-Bu), 131.3, 139.1, 139.9, 152.0 (thiophene);
Si-NMR (J in CDCl;) — 6.8 (SiMe;), — 36.9 (Si-Si).
Anal. Calc. for C;4H,S,Sis: C, 54.89; H, 7.42. Found:
C, 55.02; H, 7.61%.

3.4. CV measurements

CV measurements were carried out using a three-
electrode system in acetonitrile solutions containing 100
mM of lithium perchlorate as the supporting electrolyte
and 4 mM of the substrate. A glassy carbon electrode,
platinum plate, and SCE were used as the working,
counter and reference electrodes, respectively. The cur-

rent—voltage curves were recorded at r.t. on a Hokuto
Denko HAB-151 potentiostat—galvanostat.

3.5. Preparation of EL devices

Each layer of the EL devices was prepared by vac-
uum deposition at 1 x 103 torr in the order of TPD,
Alq, and Si-bridged bithiophene, on ITO coated on a
glass substrate with a sheet resistance of 15 Q cm !
(Asahi Glass Company). Finally a layer of magne-
sium-silver alloy with an atomic ratio of 10:1 was
vacuum deposited as the top electrode. The thickness of
each layer of the EL devices was measured with a Sloan
Dektak 3030 surface profiler. The emitting area was
0.5 x 0.5 cm?. Luminance was measured with a Topcon
luminance meter BM-7 at r.t.
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als of R=15.0%, R,, = 17.4%, ref/par = 11.09.

[9] GAuUsSIAN 98, revision A.l, Gaussian, Inc. Pittsburgh, PA, 1998.
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